High frequency deep brain stimulation (DBS) of the subthalamic nucleus (STN) is a successful treatment for patients with advanced Parkinson's disease (PD). While its exact mechanism of action is unknown, it is currently believed that the beneficial effects of the stimulation are mediated either by alleviating pathological basal ganglia output patterns of activity, or by activation of axons of passage which arise from the cerebral cortex and other sources.
Introduction
High frequency stimulation of the subthalamic nucleus (STN) alleviates parkinsonism in patients [1] [2] [3] and in MPTP-treated monkeys 4 . Modeling studies and experimental data have suggested that the stimulation elicits different effects on cell bodies and axons, depending on the stimulation parameters and the electrode placement relative to the stimulated tissue element(s) 5, 6 . According to these studies, stimulation with the parameters used in current clinical practice is very likely to predominately activate axons [7] [8] [9] . Although DBS at the dorsal surface of the STN may exert many of its therapeutic benefits via activation of nearby pallido-thalamic fibers 10, 11 , the specific neural elements affected by stimulation within the core of the STN are less well defined 12, 13 . In the present study, we approached this question with an electron microscopic analysis of the distribution and relative prevalence of myelinated axons within the monkey STN, and found that the primate STN contains a much larger density of myelinated axons than the internal pallidal segment (GPi), another DBS target in the basal ganglia. This crowding of myelinated axons may contribute significantly to the effectiveness of STN DBS for the treatment of Parkinson's disease (PD) and related disorders. Preliminary results of this study have been presented in abstract form 14 .
Methods

Animals and tissue preparation
We used brain tissue from three adult (3-8 years old) rhesus monkeys (Macaca mulatta, 4-15kg; 1 male, 2 females). All experiments were performed in accordance with the National Institutes of Health's "Guide for the Care and Use of Laboratory Animals" 15 , and were approved by the Institutional Health and Biosafety and Animal Care and Use Committees of Emory University. The monkeys were deeply anesthetized with an overdose of pentobarbital (30mg/kg, i.v.) and transcardially perfused with cold, oxygenated Ringer's solution. Following this, the animals were perfused with 2 liters of a fixative -either 4% paraformaldehyde + 0.1% glutaraldehyde in phosphate buffer (PB; 0.1M, pH 7.4) or 2% paraformaldehyde + 3.75% acrolein in PB. After fixation, the brains were cut into 10 mm thick blocks in the frontal plane, removed from the skull, and immersed in fixative (2% or 4% paraformaldehyde in PB, 0.1M, pH 7.4) overnight at 4 °C. Both fixative recipes and post-fixation procedures provided adequate and comparable ultrastructural preservation of the tissue suitable for electron microscopic observations performed in this study.
Processing of brain sections for electron microscopy
Sixty m-thick vibratome sections were collected in cold phosphate-buffered saline (PBS; 0.01M, pH 7.4). Sections containing the STN and the GPi were selected and treated with sodium borohydride (1% in PBS) for 20 min. They were later soaked in a cryoprotectant solution (PB; 0.05 M, pH 7.4, containing 25% sucrose and 10% glycerol) for 20 min before being frozen at − 80 °C for 20 min, thawed, and placed in a graded series of cryoprotectant (100, 70, 50 and 30% in PBS), and then washed in PBS.
After completion of the cryoprotectant protocol, the sections were transferred to PB (0.1M, pH 7.4) for 10 min and subjected to 1% osmium tetroxide for 20 min. Following subsequent rinses with PB, the sections were dehydrated through solutions containing an increasing gradient of ethanol (50, 70, 90 and 100%). The 70% ethanol solution also contained 1% uranyl acetate to increase tissue contrast under the electron microscope. The sections were then immersed in propylene oxide before being embedded in epoxy resin (Durcupan, ACM; Fluka, Buchs, Switzerland) overnight. Finally, the sections were mounted on microscope slides, dabbed with epoxy resin, coverslipped with oil-coated coverslips and placed in a 60°C oven for 48 h. After removing the slides from the oven, the coverslips were taken off the slides. Blocks of tissue from the sensorimotor and associative regions of the GPi and STN 16, 17 , were cut out from the slides and glued on top of resin blocks with cyanoacrylate glue. The resulting blocks were cut into 60-nm ultrathin sections with an ultramicrotome (Ultracut T2; Leica, Nussloch, Germany) and collected on single-slot Pioloform-coated copper grids. The sections were then stained with lead citrate for 5 min and viewed under an electron microscope (JEM-1011, JEOL, Peabody, MA).
Data Collection and Analysis
Digital micrographs of the neuropil in randomly selected sensorimotor and associative regions of the STN and GPi, as defined in previous anatomical and functional studies 16, 17 , were taken at 25,000x under the electron microscope. Each image covered a surface area of 39.53 m 2 . This material was used to quantify the surface area occupied by myelinated axons, and their average cross-sectional diameters.
To do so, the borders of each myelinated axon (including the myelin) seen within a micrograph were traced using NIH's ImageJ software ( Fig. 1 A) , and the surface area occupied by myelinated axons calculated. Twenty five micrographs from each of the functional regions of both nuclei were analyzed in every animal. The measured surface areas of all myelinated axons were summed and expressed as the proportion of the total analyzed STN or GPi surface areas in each animal, which allowed us to calculate the average percentage surface areas occupied by myelinated axons across animals. Statistical differences between regions were assessed using Student's t-test (SigmaPlot 12.0, Systat Software Inc.). To determine whether any differences in the percent surface area covered by myelinated axons between the STN and GPi was due to differences in the density or sizes of myelinated axons, we counted the number of myelinated axons per area analyzed for each region, and measured the diameters of the myelinated axons (excluding the myelin) in the STN and GPi using NIH's ImageJ software ( Fig. 1 B) as the shortest diameter passing through the center of mass. The latter analysis is based on data from 200 myelinated axons per nucleus (100 each from the sensorimotor and associative territory, respectively), per animal. The diameters of myelinated axons were first compared between functional territories, and then pooled to calculate the average diameters for the GPi or STN.
In order to assess whether myelinated axons were clustered in bundles in the STN, we counted the number of myelinated axons in each micrograph. The number of myelinated axons per micrograph was plotted (bin size = 5 myelinated axons) and the normality of the distribution of these measurements was determined using the Shapiro-Wilk test (SigmaPlot 12.0, Systat Software Inc.). Clustering of axons in bundles would be expected to lead to nonnormal patterns of distribution.
Results
We found that myelinated axons occupy 40.1±1.1% (mean ± SEM) of the surface of the STN (Fig. 2 A) , with no significant differences between the sensorimotor (44.7±3.9%) and associative (35.6±4.6%) regions. A similar analysis revealed that only 27.0±1.5% of the surface of the GPi (sensorimotor: 26.9±3.3% and associative: 27.2±1.3%) is occupied by myelinated axons (Fig. 2 A) . The proportion of the surface area covered by myelinated axons in the STN (sensorimotor and associative regions combined) was found to be significantly larger than that in the GPi (P=0.002), while the number of myelinated axons in STN and GPi was similar in all sampled regions ( Fig. 2 B) , suggesting that individual myelinated axons in the STN have larger diameters than those in GPi. In support of this hypothesis, we found that the sizes of myelinated axons in the STN were more broadly distributed than those in the GPi, with a slight propensity for axons of larger diameters in the STN (Fig. 3) .
In order to determine if myelinated axons in the STN are aggregated into bundles or homogeneously distributed across the neuropil, we counted the number of myelinated axons in each micrograph taken in the sensorimotor and associative regions of the STN. We found that myelinated axons are normally distributed in the STN (Shapiro-Wilk: W=0.913, P=0.374), with an average of approximately 20 myelinated axons per micrograph ( Fig. 4) , in both functional regions of the STN.
Discussion
The results of this study demonstrate that almost half of the sensorimotor and associative STN surface area is occupied by myelinated axons that have a broad size distribution.
Although the origin and projection targets of these axons are unknown, they provide a substrate through which deep brain stimulation of the STN could influence widespread areas of the central nervous system. We also found no evidence for clustering of axons into bundles.
We noticed that the thickness of myelinated axons within the STN varied substantially. Throughout the nervous system, long-distance connections use large caliber axons, while shorter connections engage small-diameter axons. The range of axon diameters in the STN may therefore represent a spectrum of short-, medium-, or long-distance fibers traveling through, or terminating in, the STN. A detailed characterization of the source, destination and topographical distribution of these axons across the different functional regions of the STN is warranted. Although speculative, it is reasonable to suggest that the corticosubthalamic system gives rise to a significant contingent of these fibers [18] [19] [20] . Small caliber GABAergic axons from the external segment of the globus pallidus, which represents the main origin of inputs to the STN, should also be considered as a major source of axons in the STN. Additional inputs known to terminate in the STN (i.e., those arising from the thalamus, pedunculopontine nucleus, substantia nigra, raphe, locus coeruleus, or the tectum) or fibers that travel through the nucleus 18 could also account for part of this myelinated axons crowd within the primate STN.
The prominence of axons in the STN may have implications for the effects of deep brain stimulation (DBS) in this area. DBS strongly affects the activity of fibers close to the DBS electrode. If the axons in the STN arise from motor and non-motor cortical areas, stimulation of these fibers may result in antidromic activation of diverse cortical regions 21, 22 . Fibers could be stimulated regardless of their actual termination or origin in the STN, suggesting that the effectiveness of STN stimulation in movement disorders and other neurologic conditions 1, 2, [23] [24] [25] , as well as the side effects of STN-DBS [26] [27] [28] [29] may have less to do with the specific connections and functions of the STN itself, than with the electrode location relative to fiber tracts that are nearby or traverse it.
This study also emphasizes important structural differences between the STN and GPi : the STN, which contains a dense neuronal population 30, 31 , is tightly compacted with myelinated axons; while the GPi harbors a much smaller and less tightly compacted population of neurons 30, 32 and myelinated axons. However, despite these significant differences in terms of neuronal cell bodies and myelinated axons' density between the GPi and STN, DBS in either of these nuclei produces comparable benefits in PD patients 26, 33, 34 , albeit with slightly different side-effect profiles [26] [27] [28] [29] . Therefore, our data add to the growing body of evidence that the anti-parkinsonian effects of DBS in STN or GPi may be mediated through different cellular mechanisms 22 . 
